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ABSTRACT 32 

Fatal infection with the highly pathogenic Lassa virus (LASV) is characterized by extensive 33 

viral dissemination, indicating broad tissue tropism. The major cellular receptor for LASV is 34 

the highly conserved extracellular matrix receptor dystroglycan (DG). Binding of LASV 35 

depends on DG’s tissue-specific post-translational modification with the unusual O-linked 36 

polysaccharide matriglycan. Interestingly, functional glycosylation of DG does not always 37 

correlate with viral tropism observed in vivo.  The broadly expressed phosphatidylserine (PS) 38 

receptors Axl and Tyro3 were recently identified as alternative LASV receptor candidates. 39 

However, their role in LASV entry is not entirely understood. Here we examined LASV 40 

receptor candidates in primary human cells and found co-expression of Axl with differentially 41 

glycosylated DG. To study LASV receptor use in the context of productive arenavirus 42 

infection, we employed recombinant lymphocytic choriomeningitis virus expressing LASV 43 

glycoprotein (rLCMV-LASVGP) as validated BSL2 model. We confirm and extend previous 44 

work, showing that Axl can contribute to LASV entry in absence of functional DG using 45 

“apoptotic mimicry”, similar to other enveloped virus. We further show that Axl-dependent 46 

LASV entry requires receptor activation and involves a pathway resembling 47 

macropinocytosis. Axl-mediated LASV entry is facilitated by heparan sulfate and critically 48 

depends on the late endosomal protein LAMP-1 as intracellular entry factor. In endothelial 49 

cells expressing low levels of functional DG, both receptors are engaged by the virus and can 50 

contribute to productive entry. In sum, we characterize the role of Axl in LASV entry and 51 

provide a rationale to target Axl in anti-viral therapy.  52 

  53 
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IMPORTANCE 54 

The highly pathogenic arenavirus Lassa (LASV) represents a serious public health problem in 55 

Africa. Although the principal LASV receptor dystroglycan (DG) is ubiquitously expressed, 56 

virus binding critically depends on DG’s post-translational modification, which does not 57 

always correlate with tissue tropism. The broadly expressed phosphatidylserine receptor Axl 58 

was recently identified as alternative LASV receptor candidate, but its role in LASV entry is 59 

unclear. Here we investigated the exact role of Axl in LASV entry as a function of DG’s post-60 

translational modification. We found that in absence of functional DG, Axl can mediate 61 

LASV entry via “apoptotic mimicry”. Productive entry requires virus-induced receptor 62 

activation, involves macropinocytosis, and critically depends on LAMP-1. In endothelial cells 63 

that express low levels of glycosylated DG, both receptors can promote LASV entry. In sum, 64 

our study defines the roles of Axl in LASV entry and provides a rationale to target Axl in 65 

anti-viral therapy.  66 

 67 

      68 
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INTRODUCTION 69 

The Old World arenavirus Lassa (LASV) is the causative agent of a severe viral hemorrhagic 70 

fever with high mortality in humans (1, 2) and is currently considered as an important 71 

emerging pathogen by the World Health Organization (3). Carried in nature by persistent 72 

infection of reservoir rodent hosts of Mastomys species, LASV is endemic in large areas of 73 

Western Africa where it causes several hundred thousand infections per year with thousands 74 

of deaths. Transmission of LASV from rodents to humans occurs mainly via contaminated 75 

aerosolized rodent excreta and ingestion of contaminated food (1). Human-to-human 76 

transmission has been reported in nosocomial settings (4). Due to its transmissibility via 77 

aerosol (5) and high lethality, LASV is considered a Category A agent by the Centers of 78 

Disease Control (6). 79 

Following productive infection at the sites of entry, the virus enters the bloodstream                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    80 

and disseminates to lymph nodes, spleen, and liver. Severe LASV infection is characterized 81 

by extensive viral replication in many tissues, resulting in high viremia and progressive signs 82 

and symptoms of shock. Early targets of LASV during systemic dissemination are dendritic 83 

cells and macrophages, followed by infection of hepatocytes, endothelial cells, and epithelial 84 

cells of lung and kidney (7). A highly predictive factor for disease outcome is the viral load, 85 

indicating a close competition between viral spread and replication and the patient’s immune 86 

system (8). There is no licensed vaccine and treatment is limited to supportive care and 87 

ribavirin, which reduces mortality when delivered early in infection (9). Drugs targeting early 88 

steps of the viral life cycle may delay viral spread providing the immune system a window of 89 

opportunity to develop an anti-viral immune response. An in-depth understanding of the 90 

molecular mechanisms underlying LASV cell entry into relevant target cells is therefore of 91 

great importance to develop novel and efficacious anti-viral strategies.  92 
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Arenaviruses are enveloped negative-strand RNA viruses, whose non-lytic life cycle is 93 

confined to the cytoplasm (10). The arenavirus genome is comprised of two RNA segments 94 

that code for two proteins each, using an ambisense coding strategy. The small (S) RNA 95 

segment encodes the envelope glycoprotein precursor (GPC) and the nucleoprotein (NP), 96 

while the L segment encodes the matrix protein (Z) as well as the viral polymerase (L). GPC 97 

is synthesized as a single polypeptide and undergoes processing by signal peptidases and the 98 

proprotein convertase subtilisin kexin isozyme-1(SKI-1)/site-1 protease (S1P) yielding an 99 

unusually stable signal peptide (SSP), the N-terminal GP1, and the transmembrane GP2. The 100 

GP1 binds to cellular receptors, whereas GP2 mediates viral fusion and structurally resembles 101 

class I viral fusion proteins. 102 

The interaction of a virus with its cellular receptor(s) is a key determinant for 103 

transmission, tissue tropism, and disease potential. The first cellular receptor for LASV and 104 

other Old World arenaviruses was identified as dystroglycan (DG), a ubiquitously expressed 105 

and highly conserved receptor for extracellular matrix (ECM) proteins (11). Dystroglycan is 106 

expressed in most developing and adult tissues where it provides a molecular link between the 107 

ECM and the actin-based cytoskeleton. Initially encoded as a single polypeptide, DG is 108 

cleaved into the extracellular α-DG and membrane anchored β-DG (12). In mammals, α-DG 109 

is subject to complex O-glycoslylation that is essential for its function as a receptor for ECM 110 

proteins and arenaviruses (13-15). During biosynthesis of functional α-DG, the dual-specific 111 

glycosyltransferase like-acetylglucosaminyltransferase (LARGE) attaches the [Xyl-α1-GlcA-112 

3-β1-3] polysaccharide “matriglycan” (16, 17) that binds ECM proteins and arenaviruses (13, 113 

18, 19). A genetic screen revealed that LASV closely mimics the molecular mechanisms of 114 

receptor recognition of ECM proteins (20). The recently solved high-resolution structure of 115 

LASV GP indicated that the trimeric virion spike engages DG-linked matriglycan polymers 116 

with high avidity (21).  117 
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The DG core protein is ubiquitously expressed in most mammalian cells and 118 

undergoes classical N- and mucin-type O-glycosylation. In contrast, the specific functional 119 

glycosylation of α-DG by LARGE is under tight tissue-specific control, making DG a 120 

“tunable” receptor (18), whose virus-binding affinity greatly varies. Interestingly, functional 121 

glycosylation of DG in human and animal tissues does not always correlate with susceptibility 122 

to LASV in vivo (7, 22, 23), suggesting the existence of alternative receptors. Using an 123 

expression cloning approach, the Tyro3/Axl/Mer (TAM) receptor tyrosine kinases Axl and 124 

Tyro3, as well as the C-type lectins DC-specific ICAM-3-grabbing nonintegrin (DC-SIGN) 125 

and LSECtin have been identified as candidate LASV receptors (24). Based on their restricted 126 

expression patterns, DC-SIGN and LSECtin may contribute to LASV entry into specific cell 127 

types, such as dendritic cells, but their exact role is currently unclear (25). The TAM kinases 128 

Axl and Tyro3 are conserved receptors for the phoshatidylserine (PS)-binding serum proteins 129 

Gas6 and protein S that are involved in removal of apoptotic cells (26, 27). Over the past 130 

years, TAM kinases and other cellular PS receptors have been implicated in viral entry via 131 

“apoptotic mimicry”, a mechanism initially described by Mercer and Helenius for poxviruses 132 

(28) that is characterized by recognition of PS displayed on the viral lipid envelope (29, 30). 133 

Viral apoptotic mimicry is increasingly recognized as an entry strategy for a broad spectrum 134 

of enveloped viruses and some non-enveloped viruses, including important emerging 135 

pathogens such as Ebola, Dengue, West Nile, and Zika virus (29, 30). Currently, the exact 136 

role of TAM receptors in LASV entry is not entirely clear and published data appear 137 

conflicting (24, 29, 31). The initial report identifying TAM kinases as a candidate LASV 138 

receptors provided evidence for a role of Axl and Tyro3 in DG-independent entry of lentiviral 139 

LASV pseudotypes (24). However, a subsequent systematic study covering a large panel of 140 

emerging viruses, using different pseudotype platforms, concluded that Axl was unable to 141 

mediate productive LASV entry (31). Here we sought to resolve these apparent contradictions 142 
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and investigated the exact role of Axl in LASV entry in the context of productive arenavirus 143 

infection using a validated BSL2 surrogate model. We further investigate the mechanism 144 

underlying Axl-mediated LASV entry and provide a rationale for targeting Axl in anti-viral 145 

therapy.  146 

  147 
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MATERIALS AND METHODS 148 

Antibodies and reagents 149 

Monoclonal antibody (mAb) IIH6 anti--DG (mouse IgM) has been provided by Dr. Kevin 150 

Campbell (Howard Hughes Medical Institute, University of Iowa). Mouse mAb 8D5 anti-β-151 

DG was purchased from Novocastra. Purified polyclonal goat IgG anti-human Axl, mAb 152 

96201 anti-Dtk/Tyro3, and mAb 120507 anti-DC-SIGN were from R&D Systems and mouse 153 

mAb ab54803 anti-Axl from Abcam. Mouse mAb sc-20011 anti-LAMP1 was from Santa 154 

Cruz Biotechnology. MAb 83.6 to LASV GP2 has been described (32) as has been mAb 113 155 

anti-LCMV NP (33). MAb cl14a to phospho-β-DG PY982 was from BD Bioscience and mAb 156 

4G10 to phospho-tyrosine from St. Cruz Biotechnology. Antibody to clathrin heavy chain was 157 

purchased from BD Biosciences. Other mAbs included mouse mAb B-5-1-2 anti-α-tubulin 158 

and goat polyclonal antibody to human IgG Fc (Sigma Aldrich). Horseradish peroxidase 159 

(HRP) conjugated polyclonal goat anti-mouse IgG, goat anti-mouse IgM, and rabbit anti-goat 160 

IgG were from Dako. FITC-conjugated goat anti-mouse IgG was from Jackson Immuno 161 

Research. The nuclear dye 4',6-diamidino-2-phenylindole (DAPI) was purchased from 162 

Molecular Probes (Eugene, OR). The full-length GPC of Tacaribe virus (TCRV) was kindly 163 

provided by Juan-Carlos de la Torre (Scripps Research Institute, La Jolla, CA). The Cell Titer 164 

Glo® assay system was obtained from Promega (Madison WI). Annexin-V from human 165 

placenta conjugated to biotin, heparin, and streptavidine-HRP were from Sigma. The DG 166 

fragment DGEKFc4 is comprised of amino acids 1 –485 of α-DG, followed by an 167 

enterokinase (EK) cleavage site and the Fc portion (hinge, CH2, and CH3) of human IgG1 168 

and was produced and purified as described (34). For optimal sensitivity of our assay, 169 

DGEKFc4 was produced in cells over-expressing LARGE, resulting efficient matriglycan 170 

modification (14). Inhibitors used in this study included R428 to Axl tyrosine kinase 171 

(Sellekchem), dynasore, dyngo-4a, pitstop-2 (Ascent Scientific), Pirl1 (Chembridge), CT04, 172 
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blebbistatin, cytochalasin D, 5-(N-ethyl-N-isopropyl) amiloride (EIPA), IPA-3, 173 

jasplakinolide, latrunculin A, ML7, ribavirin, and ammonium chloride (NH4Cl) (Sigma).   174 

 175 

Cell culture 176 

Human lung carcinoma alveolar epithelial cells A549, the human fibrosarcoma cell line HT-177 

1080, HeLa cells, and human embryonic kidney (HEK)-293H cells, were cultured in DMEM, 178 

10 % (vol/vol) FBS, supplemented with glutamine and penicillin/streptomycin. Primary 179 

human hepatocytes were isolated from liver specimens obtained after partial hepatectomy at 180 

Hannover Medical School and plated at a density of 1.3 x 10
6
 cells on collagen-coated P6 181 

dishes as described (35). Cells were kept in hepatocyte culture medium (Lonza) for 1-3 days 182 

before cell lysis. Cultures were 90% confluent and cells showed typical hepatocyte 183 

morphology with multiple nuclei. Human umbilical vein endothelial cells (HUVEC) (CC-184 

2517), primary human lung microvascular endothelial cells (HMVEC-L) (CC-2527), and 185 

primary human small airway epithelial cells (SAEC) (CC-2547) were purchased from 186 

Clonetics®/Lonza as cryopreserved specimens and cultured following the manufacturers 187 

protocol using endothelial cell growth medium EGM
TM

 BulletKit
TM

, EGM
TM

 2MV 188 

BulletKit
TM

, and small airway epithelial cell growth medium (CC-3118), respectively. 189 

According to the manufacturers information, HMVEC-L are isolated from small vessels 190 

within normal lung tissue cultured to ≥90% purity and represent a mixed population of both 191 

blood and lymphatic endothelial cells. HUVEC and HMVEC-L were passed 5 times, 192 

corresponding to < 15 population doublings to assure preservation of the differentiated 193 

phenotype. Expression of the differentiation marker CD31/105 was verified by 194 

immunofluorescence staining using mAb 28364 to CD31 (Abcam). SAEC are isolated from 195 

normal human lung tissue the distal portion of the lung in the 1 mm bronchiole area. Cells 196 

were passed 5 times and differentiation verified by staining for cytokeratin 19 using mAb 197 
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ab52625 (Abcam), as recommended by the manufacturer. For infection studies, cells were 198 

seeded in collagen- or poly-L-lysine-coated M96 tissue culture plates at 20’000 cells/cm
2
 and 199 

experiments performed at a confluency of >90% after 2-3 days.  200 

 201 

Viruses and virus purification 202 

The generation, growth, and titration of recombinant LCMV expressing the envelope GP of 203 

LASV strain Josiah (rLCMV-LASVGP) and the G protein of vesicular stomatitis virus 204 

(rLCMV-VSVG) have been described elsewhere (36, 37). According to the institutional 205 

biosafety guidelines of the Lausanne University Hospital, the chimera rLCMV-LASVGP has 206 

been classified as a BSL2 pathogen for use in cell culture. Inactivated LASV strain Josiah was 207 

provided by Dr. Christina Spiropoulou, Special Pathogens Branch of the Centers for Disease 208 

Control and Prevention (CDC, Atlanta, GA). Recombinant human adenovirus (AdV)-5 209 

expressing GFP has been described (38) as has recombinant vesicular stomatitis virus (VSV) 210 

expressing GFP (39). Recombinant propagation-defective vesicular stomatitis virus (VSV) 211 

encoding the two reporter proteins green fluorescent protein (GFP) and firefly luciferase 212 

(Luc) was generated as described (40). Recombinant VSV pseudotypes bearing the envelope 213 

GP of TCRV were generated as reported earlier (39). To obtain serum-free rLCMV-214 

LASVGP, virus was purified following a modified protocol from Dutko et al. (41). Briefly, 215 

rLCMV-LASVGP was grown in BHK21 cells as described (36). Conditioned cell culture 216 

supernatants were harvested after 72 h and virus precipitated from cleared supernatants by 217 

addition of 6.5 g per 100 ml polyethylene glycol (PEG)-8000 and stirring over night at 6 °C. 218 

After centrifugation at 8,000 rpm for 30 min at 4 °C, the PEG pellet was dissolved in 219 

TNE/EGTA (10 mM Tris/HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 5 mM EGTA) using 1 220 

ml of TNE/EGTA for 50 ml of original supernatant. After incubation for 2 h at 4 °C, virus 221 

was layered on a discontinuous renografin gradient and purified by ultracentrifugation as 222 
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described (41). After dialysis against PBS, infectious virus titers were determined by 223 

immunofocus assay on VeroE6 cells in complete medium containing 10% (wt/vol) FBS. 224 

Concentrated virus titers were 10
8
 -10

9
 PFU/ml. Inactivated LASV obtained as PEG 225 

precipitate from CDC was treated with TNE/EGTA for 2 h at 4 °C, followed by purification 226 

over a renografin gradient.  A “mock-preparation” was prepared from conditioned supernatant 227 

of uninfected BHK21 cells subjected to PEG precipitation and purification over a renografin 228 

gradient analogous to the virus preparation.  229 

 230 

Capture ELISA for rLCMV-LASVGP and inactivated authentic LASV 231 

MAb 83.6 to LASV GP2 (10 µg/ml, 50 µl/well) was added to a 96-well microtiter plate 232 

(EIA/RIA) high-bond plates (Corning) and immobilization carried out at RT for 4 h. Wells 233 

were washed 3 times with PBS and non-specific binding blocked by adding 200 µl/well 1% 234 

(wt/vol) BSA/PBS for 1 h at RT. For capture of virus, serum-free preparations of rLCMV-235 

LASVGP and inactivated authentic LASV were diluted to 10
7
 PFU/ml and added (50 µl/well) 236 

in triplicates to immobilized mAb 86.3 for 16 h at 6
 
°C. As a negative control, AdV5-GFP 237 

was included. Wells were washed 3 times with PBS. For detection of phosphatidylserine (PS) 238 

on bound virus, annexin-V (ANX-V) biotin conjugate from human placenta (1: 50 in 1% 239 

(wt/vol) BSA/PBS) was added overnight at 6 °C in presence and absence of 5 mM EGTA. 240 

LASV GP1 was probed with DGEKFc4 (10 μg/ml in 1% (wt/vol) BSA/PBS) overnight at 6 241 

°C.  Wells were washed 3 times with PBS. Bound ANX-V was detected with streptavidine 242 

HRP), 1:1000 in 1% (wt/vol) BSA/PBS for 2 h at 6 °C and DGEKFc4 with anti-human IgG 243 

Fc antibody conjugated to HRP, 1:1000 in 1% (wt/vol) BSA/PBS for 2 h in the cold. After 244 

incubation, plates were washed four times and developed using 50 µl of 3,3,5,5’-245 

tetramethylbenzidine (eBiosciences, MA). The color reaction was stopped by adding 20 µl of 246 

2 M H2SO4. Plates were analyzed using a plate reader spectrophotometer (Tecan, Mannedorf, 247 
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Switzerland) by measuring the absorbance at 450 nm with correction at 570 nm. Background 248 

binding to wells without immobilized antibody was subtracted and the ratios of GP1/PS 249 

binding calculated. 250 

 251 

Micro-scale isolation of DG using wheat germ agglutinin  252 

Enrichment of DG by wheat germ agglutinin (WGA) affinity purification was carried 253 

out following a modified protocol reported earlier (42). Briefly, two T150 flasks of 254 

A549, HT-1080 cells and HUVEC (>90% confluency) were washed twice with 20 255 

mM Hepes, pH 7.5, 150 mM NaCl. Cells were solubilized in 2 ml of cold 256 

solubilization buffer per flask: 50 mM Hepes pH 7.5, 200 mM NaCl/ 1% (wt/vol) NP-257 

40, 1.2 mM EDTA, protease inhibitor cocktail complete (Roche), 1 mM PMSF for 45 258 

min in cold-room. Lysates were cleared by centrifugation for 10 min at 14, 000 rpm in 259 

a microfuge and 5 mM MgCl2 and 10 mM sodium pyrophosphate (final concentration) 260 

added.  The WGA matrix (20 µl/ml) was added and incubated on a head-over shaker 261 

over night at 6 °C. The WGA matrix was washed 4 times with 10 volumes of 50 mM 262 

Hepes pH 7.5, 200 mM NaCl/ 0.05% (wt/vol) NP-40, 1.2 mM EDTA, protease 263 

inhibitor cocktail, 1 mM PMSF, 5 mM CaCl2, 5 mM MgCl2. Elution of WGA-bound 264 

proteins was achieved by incubation of matrix with 4 x 5 volumes elution buffer: 265 

10mM Tris (pH 8.0), 0.15 M NaCl, 0.2 M N-acetyl glucosamine for 15 min at RT. 266 

Individual fractions  were probed for the presence of DG in Western blot using mAb 267 

8D5 to β-DG and the most concentrated factions pooled, followed by dialysis against 268 

PBS.  269 

 270 

Solid-phase virus binding assay  271 

The WGA-purified DG fractions derived from A549, HT-1080 cells and HUVEC (above) 272 

were analyzed by Western blot and signals for β-DG quantified by densitometry to allow 273 
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immobilization of normalized amounts of DG protein using the dilutions HT-1080 (1:1), 274 

HUVEC (1:1.32) and A459 (1:2.02) carried out overnight at 6 °C. Wells were washed 3 times 275 

with PBS. Non-specific binding was blocked by adding 200 µl/well of 1% (wt/vol) BSA/PBS 276 

and incubation for 1 h at RT. Dilutions of rLCMV-LASVGP were prepared in 1% (wt/vol) 277 

BSA in PBS and virus (50 µl/well) added in triplicates for 16 h at 6 °C. Wells were washed 3 278 

times with PBS and bound virus detected with mAb 83.6 to LASV GP2 (20 µg/ml) in 1% 279 

(wt/vol) BSA in PBS for 16 h at 6
 
°C. After three washes, bound primary antibody was 280 

detected using biotinylated goat anti-mouse IgG combined with streptavidine-HRP as 281 

described (14). Plates were developed as in the section “capture ELISA”. Background binding 282 

to wells without immobilized DG was subtracted and binding curves plotted.  283 

  284 

Virus infections 285 

Cells were seeded in 96-well plates at 2 x 10
4 
cells per well and grown into confluent 286 

monolayers for 16-20 h, unless stated otherwise. Cells were treated with drugs as detailed in 287 

the specific experiments, followed by infection with the indicated viruses at the defined 288 

multiplicity of infection (MOI) for 1 h at 37
 
°C. Unbound virus was removed, cells washed 289 

twice with DMEM, and fresh medium added. Infection of rLCMV-LASVGP and rLCMV-290 

VSVG were quantified by detection of LCMV NP in immunofluorescence assay (IFA) with 291 

mAb 113 as described (43). VSV pseudotypes, AdV5-GFP, and rVSV-GFP were detected via 292 

the GFP reporter using direct fluorescence.   293 

For the determination of serum-dependence of rLCMV-LASVGP infection in HT-294 

1080 cells, serum-free virus was pre-treated with complete medium containing increasing 295 

concentrations of FBS for 2 h at 4 °C. Virus was added to cells for another 2 h at 4 °C, 296 

followed by washing to remove unbound virus. Cells were shifted to 37 °C by adding 200 µl 297 
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per well of warm complete medium containing 10% (vol/vol) FBS. After 1 h, 20 mM 298 

ammonium chloride was added and infection detected after 16 h as described above.  299 

Blocking with ANX-V was achieved by pre-treating serum-free virus with the 300 

indicated concentrations of ANX-V in DMEM, 20 mM Hepes for 2 h at 4 °C as described 301 

(44). Kinetics of endosomal escape were determined as reported (45).  302 

For perturbation with antibodies to Axl and DG, M96 plates were chilled on ice, 303 

medium removed, and cells washed three times with cold serum-free medium containing 2% 304 

(wt/vol) BSA, supplemented with 20 mM Hepes. Polyclonal Ab to Axl, mAb IIH6 to DG, and 305 

control Ab were diluted as indicated in serum-free medium containing 2% (wt/vol) BSA, 306 

supplemented with 20 mM Hepes and incubated with cells for 2 h at 4 °C (50 µl/well). 307 

Viruses were prepared at 10-fold final concentration in medium containing 10% (vol/vol) 308 

FBS, supplemented with 20 mM Hepes. Five microliters of virus inoculums were added to the 309 

Ab mixtures on cells, mixed carefully and incubated for another 2 h at 4 °C. Inoculums were 310 

removed, cells washed three times with serum-free medium containing 2% (wt/vol) BSA, 311 

supplemented with 20 mM Hepes, and 200 µl/well complete medium added. Cells were 312 

cultured at 37 °C, 5% CO2 for the indicated time periods, fixed, and infection assessed as 313 

described above.   314 

 315 

Flow cytometry analysis 316 

For cell surface staining of HT-1080 cells for Axl and TIM-1, cells were detached with a cell 317 

scraper, resuspended in FACS buffer (1% (vol/vol) FCS, 0.1% (wt/vol) sodium azide, PBS), 318 

and transferred to conical 96-well plates. Primary antibodies goat polyclonal anti-Axl (R&D 319 

Biosciences, AF154) and anti-TIM-1 (R&D Biosciences, AF11750) were diluted 1:50 in 320 

FACS buffer and incubated on ice for 1 h. Cells were then washed twice in FACS buffer and 321 

labeled with secondary antibody donkey anti-goat IgG conjugated to phycoertythrin (PE) 322 
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from Jackson Immuno Research diluted 1:50 in FACS buffer for 45 min on ice in the dark. 323 

After two wash-steps in 1% (vol/vol) FBS in PBS, cells were fixed with CellFix® solution for 324 

10 min at room temperature in the dark. Cells were washed twice and resuspended in 1% 325 

(vol/vol) FBS in PBS. Flow cytometry was performed using a CyAnTM ADP flow cytometer 326 

(Beckman Coulter) and data analyzed with FlowJo software package (Ashland, OR). 327 

 328 

Immunoblotting  329 

For immunoblotting, proteins were separated by SDS-PAGE and transferred to nitrocellulose. 330 

After blocking in 3% (wt/vol) skim milk in PBS, membranes were incubated with 1-10 µg/ml 331 

primary antibody in 3% (wt/vol) skim milk, PBS overnight at 4 ºC. After several washes in 332 

PBS, 0.1 % (wt/vol) Tween-20 (PBST), secondary antibodies coupled to HRP were applied 1: 333 

5,000 in PBST for 1 h at room temperature. In Western blot detecting tyrosine phosphorylated 334 

Axl and β-DG, membranes were rinsed three times in PBST containing 250 mM NaCl to 335 

lower background binding. Membranes were developed by enhanced chemiluminescence 336 

(ECL) using LiteABlot kit (EuroClone). Signals were acquired by ImageQuant LAS 337 

4000Mini (GE Healthcare Lifesciences) or by exposure to X-ray films. Quantification of 338 

Western Blots was performed with ImageQuant TL (GE Healthcare Lifesciences). 339 

 340 

Generation of DG-deficient HT-1080 cells using lentivirus-delivered small hairpin 341 

(sh)RNA  342 

To deplete DG core protein in HT-1080 cells, lentiviral vector expressing validated shRNA 343 

targeting human DG (sh-DG) (ID clone: TRCN0000056191, Thermo Scientific RHS3979-344 

9623375) or a scrambled control shRNA (sh-sc) were generated as described using the 345 

ViraPower™ Lentiviral Expression System protocol from Invitrogen (UK). Briefly, a 346 

puromycin kill curve determination was performed in HT-1080 cells where 2 µg/ml was the 347 
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minimum puromycin concentration required to kill untransduced cells. For the production of 348 

lentiviruses, 3 x 10
6
 HEK293T cells were cultured in 10 cm tissue culture dishes in serum-349 

free 293 SFM II medium (Gibco™, Cat. No. 11686-029). At 24 h post-seeding, fresh medium 350 

was added to cells 4 h before the transfection. Calcium chloride (250 mM) and HBS (50 mM 351 

Hepes, 1.5 mM Na2HPO4, 140 mM NaCl) solutions were used to co-transfect the four 352 

required DNA plasmids: pLP1 helper (gag/ pol), pLP2 helper (rev), pCAGGS/ VSVGP, with 353 

sh-DG 56191 (human pLKO.1) or with sh-sc (human pLKO.1) shRNA control. Transfected 354 

cells were incubated for 16 h at 37 °C, medium replaced by 293 SFM II, and incubated for 24 355 

h at 37 °C, 5% CO2. At 40 h post-transfection, cell supernatants were collected and 356 

centrifuged for 5 min at 500 x g to remove cellular debris. Each lentivirus was concentrated 357 

using the Amicon® Ultra-15 Centrifugal Filter Devices by ultra-centrifugation according to 358 

the manufacturer’s instructions (Millipore, Ultracel® 100KREF. UFC910024). For infection, 359 

5 x 10
5
 HT-1080 cells/well were seeded in 6-well plates and cultured for 24 h at 37 °C. The 360 

day after, medium was replaced by complete medium supplemented with 6 µg/ml polybrene® 361 

and 100 µl of each crude lentivirus stock. The cells were spinoculated at 2,600 rpm for 3 h at 362 

23 °C. Cells were then washed twice with medium. Transduced cells were incubated for 72 h 363 

at 37 °C. After 72 h, cells were washed once with PBS and complete medium supplemented 364 

with 2 µg/ml puromycin. After 48 h, cell death was checked and the selective medium 365 

replaced every two days during 2 weeks. Depletion of DG core protein from HT-1080 cells 366 

was verified by Western blot using mAb 8D5 as described above. DG-deficient cells were 367 

passed for a maximum of 10 times and the DG null phenotype verified for cells used for our 368 

experiments.  369 

 370 
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RNA interference 371 

RNA interference (RNAi) was performed using validated small interfering RNAs (siRNAs) 372 

ONTARGETplus SMARTpool for Axl (L-003104-00-0005) and scrambled siRNA (D-373 

001820-10-05) as control from Thermo Scientific Dharmacon (Lafayette, CO). For the 374 

depletion of clathrin heavy chain, siGENOME ON-TARGETplus SMARTpool duplex (J-375 

004001-09) to human clathrin heavy chain and a control siRNA pool was obtained from 376 

Dharmacon Research (Lafayette, CO). A pool of the following siRNAs was used: siRNA #1: 377 

5’-GAG AAU GGC UGU ACG UAA U-3’, #2: 5’-UGA GAA AUG UAA UGC GAA U-3’, 378 

#3: GCA GAA GAA UCA ACG UUA U-3’, #4: 5’-CGU AAG AAG GCU CGA GAG U-3’. 379 

Briefly, 3 x 10
6
 HT-1080 cells were reverse transfected with 0.72 μM siRNA in a 10-cm-380 

diameter dish using Lipofectamine RNAiMAX (Invitrogen, Paisley, United Kingdom) 381 

according to the manufacturer’s recommendation. For LAMP-1 knock down, 3 x 10
4
 382 

cells/well were seeded over night in an M96 plate and transfected using Lipofectamine 383 

RNAiMAX with All Star scramble RNA or LAMP-1 specific siRNA 5’-CAC GTA ATG 384 

CAT TGC CTG TAA-3’(Qiagen) at a final concentration of 50 nM. At 48 h post-transfection, 385 

cells were infected with rLCMV-LASVGP (MOI = 0.1) and rVSVΔG-VSVG (MOI = 0.02) 386 

or mock infected. Parallel specimens were lysed to confirm knock-down by Western-blotting.  387 

 388 

Virus-induced receptor signaling 389 

Purified rLCMV-LASVGP (8.4 x 10
8
 PFU/ml) and equivalent volumes of mock preparation 390 

were incubated in 10 ml HBSS with 10% (vol/vol) FBS for 2 h at 4 °C, to allow binding of 391 

Gas6/pS, followed by layering on a 2 ml cushion of 20% (wt/vol) sucrose in PBS containing 1 392 

mM MgCl2 and 0.1 mM CaCl2. After spinning at 35,000 rpm for 90 min in a SW41 swing-out 393 

rotor, supernatant was decanted completely. Pellets were resuspended in 250 μl of HBSS for 394 

16 h at 4ºC in a closed vial on a shaker. Concentrated virus was titrated by IFA on VeroE6 395 
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cells. HT-1080 cells, and HMVEC-L were seeded in M6 plates at 4 x 10
5
 cells per well in 396 

complete medium and cultured to obtain closed monolayers of >90% confluency. Cells were 397 

serum-starved for 16 h and chilled on ice for 5 minutes. Medium was removed and 4 x10
7
 398 

PFU virus diluted in 1 ml of serum-free medium added, corresponding to an MOI of circa 50. 399 

Virus was added to the cells in the cold and incubated for 2 h on ice. To control wells mock-400 

prep was added. Cells were washed twice in cold serum-free medium, followed by addition of 401 

pre-warmed serum-free medium (4 ml/well), and shifted to 37 °C. At the indicated time 402 

points, medium was removed and cells lyzed in cold lysis buffer: 1% (wt/vol) NP-40, 50 mM 403 

Tris, pH 7.5, 150 mM NaCl, 2 mM EGTA, 0.2 mM EDTA, 50 mM NaF, protease inhibitor 404 

cocktail “Complete®” from Roche, and 1 mM PMSF. Cells were scraped off with a plastic 405 

cell scraper and passed 5 times through a blue tip, transferred to microtube and incubated on a 406 

head-over shaker in the cold-room for 30 minutes. Lysates were cleared by centrifugation at 407 

14,000 rpm in a microcentrifuge for 10 minutes in the cold. For the detection of tyrosine 408 

phosphorylated β-DG PY982 and β-DG protein with mAbs cl14a and 8D5, respectively, total 409 

protein was extracted (46), separated by SDS-PAGE and Western blot performed as described 410 

above. For the detection of tyrosine phosphorylation of Axl, total Axl was isolated by 411 

immunoprecipitation (IP) using a modified protocol reported by Meertens et al. (47). For this 412 

purpose, purified polyclonal goat anti-IgG was immobilized on cyanogen bromide-activated 413 

Sepharose 4B (Sigma) following the manufacturers recommendations. Anti-Axl matrix was 414 

mixed with cleared lysate (10 µl of matrix per ml of lysate), and incubated on a head-over 415 

shaker for 4 h or overnight in the cold room. After IP over night, matrix was washed four 416 

times with lysis buffer and once with lysis buffer without detergent. Immunocomplexes were 417 

eluted by boiling in reducing SDS-PAGE sample buffer for 5 minutes, followed by separation 418 

by SDS-PAGE using Tris/glycine running gels with 5.5% (wt/vol) polyacrylamide to achieve 419 

optimal separation of Axl from the IgG heavy chain. Axl protein was revealed in Western blot 420 
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using a mouse mAb anti-Axl and tyrosine phosphorylation detected in anti-Axl IP using a 421 

mAb to tyrosine phosphate.   422 

  423 
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RESULTS 424 

Primary human cells co-express Axl and differentially glycosylated DG 425 

Histological examination of mammalian tissues revealed that DG’s functional glycosylation 426 

by LARGE is under tight tissue-specific control, resulting in considerable variation in the 427 

length of DG-associated matriglycan chains (48), affecting DG’s function as LASV receptor. 428 

LARGE was originally discovered as a tumor-suppressor gene (49) and its expression is 429 

frequently altered in immortalized tumor cell lines (50). In a first step, we therefore examined 430 

expression of functional DG and alternative LASV receptor candidates in a panel of primary 431 

human cells targeted by LASV ex vivo, including hepatocytes, endothelial cells, and epithelial 432 

cells (22). Primary human hepatocytes were isolated from liver specimens obtained after 433 

partial hepatectomy and cultured as described in Materials and Methods (35). As primary cell 434 

culture models for microvascular endothelial cells, human umbilical cord vascular endothelial 435 

cells (HUVEC) and human microvascular endothelial cells of the lung (HMVEC-L) were 436 

used. Primary human small airway epithelial cells (SAEC) served as model for primary 437 

respiratory epithelial cells. The extent of functional glycosylation of DG in these primary cells 438 

was assessed by Western blot combining mAb IIH6 specific for the α-DG-linked matriglycan 439 

epitope with mAb 8D5 directed to the β-DG core protein (51). As controls, we included the 440 

human fibrosarcoma line HT-1080 that is deficient in LARGE expression (24) and the human 441 

alveolar epithelial cell line A549 expressing functional DG (15). In line with in vivo data, 442 

primary hepatocytes expressed DG core protein without detectable matriglycan (48) (Fig. 443 

1A). Both endothelial cell types expressed an under-glycosylated α-DG form migrating at an 444 

apparent molecular mass of 100-110 kDa, whereas α-DG from SAEC ran around 125-145 445 

kDa, similar to the form detected in A549 cells and in adult lung epithelia in vivo (52) (Fig. 446 

1A). Examination of the expression of the candidate receptors Axl, Tyro3, and DC-SIGN 447 

revealed the presence of Axl in all cell types, whereas Tyro3 and DC-SIGN seemed absent. 448 
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Together, the data indicated co-expression of Axl with differentially glycosylated DG on 449 

primary human cells.  450 

 Previous studies demonstrated that distinct apparent molecular masses of α-DG in 451 

SDS-PAGE are due to different lengths of the matriglycan chains (18, 51, 53). Recent 452 

structural data on the pre-fusion conformation of mature LASV GP suggest an avidity-based 453 

binding mode of the GP1 trimers to DG-linked matriglycan chains (21). To address this issue, 454 

we assessed virus binding affinity to differentially glycosylated DG employing a quantitative 455 

solid-phase binding assay (14). Since LASV is a BSL4 pathogen, work with live virus is 456 

restricted. We therefore used a recombinant LCMV expressing the envelope GP of LASV 457 

strain Josiah (rLCMV-LASVGP). As viral entry is exclusively mediated by the viral 458 

envelope, this chimera represents a suitable BSL2 surrogate to study LASV entry and has 459 

been widely used for the characterization of LASV cell tropism in vitro (36, 54-56) and in 460 

vivo (57, 58). Dystroglycan was enriched from A549, HUVEC, and HT-1080 cells by affinity 461 

purification using the lectin WGA that recognizes generic N-glycans (53) (Fig. 1B). Equal 462 

amounts of DG protein were immobilized in microtiter plates and incubated with increasing 463 

concentrations of purified virus. Bound virus was detected with mAb 83.6 to LASV GP2 as 464 

described (14). As shown in Fig. 1C, virus binding affinity indeed correlated with the 465 

apparent molecular mass of α-DG, consistent with the avidity-based binding mode proposed 466 

by the current structural model (21).       467 

 468 

Axl can mediate productive LASV entry in absence of functional DG  469 

In line with histological evidence, our examination of LASV candidate receptor expression on 470 

primary human cells revealed that Axl can be co-expressed with DG that either lacks functional 471 

glycosylation or bears matriglycan chains of different length. Considering the conflicting reports 472 

in the literature (24, 31), we sought to clarify the exact contribution of Axl in LASV cell entry as 473 
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a function of DG’s post-translational modification in the context of productive arenavirus 474 

infection, using our rLCMV-LASVG chimera. A large body of evidence supports the current 475 

model of TAM receptor-mediated viral entry by apoptotic mimicry, involving recognition of PS 476 

in the virion envelope by the high affinity ligands Gas6 and protein S (29) that are naturally 477 

present in serum (44, 59). The concentration of PS displayed in the viral envelope therefore 478 

influences virus binding via Axl. Since functional DG is recognized by the viral envelope GP1, 479 

the exact ratio of LASV GP1 to PS in the viral envelope appears critical to study receptor use. As 480 

a first step, we tried to validate our rLCMV-LASVGP chimera, comparing its GP1/PS ratio with 481 

authentic LASV using a capture ELISA (Fig. 2A). To remove serum-derived PS binding proteins 482 

that may interfere with our assay, viruses were treated with the Ca
2+

 chelator EGTA that 483 

efficiently dissociates Gas6 and pS (44), followed by purification over a renografin gradient, as 484 

detailed in Materials and Methods. Purified virus was added to microtiter plates coated with 485 

mAb 83.6 that recognizes a highly conserved epitope in GP2 (32) and does not interfere with 486 

virus-receptor binding (11) (Fig. 2A). After specific capture of virus for 16 h in the cold, plates 487 

were washed and PS displayed on the viral envelope detected with the PS-binding protein 488 

annexin(ANX)-V. LASV GP1 was detected using the recombinant virus-binding DG fragment 489 

DGEKFc4, which contains a C-terminal human IgG1 Fc moiety (34). Across different 490 

preparations, the GP1/PS ratios of rLCMV-LASVGP were similar to the authentic virus (Fig. 491 

2B), validating our chimera as a suitable BSL2 model to investigate receptor use.      492 

 As our primary hepatocytes turned out to be challenging to manipulate in vitro, we 493 

needed a suitable cell model to study Axl-mediated cell entry of rLCMV-LASVGP in absence of 494 

functional DG. After examination of a panel of cell lines, we opted for the fibrosarcoma cell line 495 

HT-1080 that lacks functional DG and expresses Axl, similar to primary hepatocytes (Fig. 1A). 496 

To exclude any contribution of the remaining DG core protein, we depleted DG from HT-1080 497 

cells using specific shRNAs delivered by lentiviral vectors (Fig. 3A). Cells depleted for DG and 498 
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controls were infected with rLCMV-LASVGP at low multiplicity (MOI = 0.01). After 16 h, cells 499 

were fixed and productive infection assessed by detection of LCMV NP using mAb 113 in 500 

immunofluorescence assay (IFA). Depletion of DG core protein by >98% did not affect infection 501 

with rLCMV-LASVGP, excluding a significant contribution (Fig. 3B). In contrast, knock-down 502 

of Axl using validated siRNAs markedly reduced productive infection by rLCMV-LASVGP, but 503 

not recombinant LCMV expressing the G protein of VSV (rLCMV-VSVG), which enters 504 

independently of TAM receptors (44) (Fig. 3C, D). The RNAi data were confirmed by antibody 505 

perturbation using a polyclonal antibody to Axl (Fig. 3E). Apart from TAM kinases, PS 506 

receptors of the T-cell immunoglobulin and mucin domain (TIM) family, in particular the 507 

broadly expressed TIM-1, have been identified as candidate receptors for a range of enveloped 508 

viruses (29, 30, 60). We therefore examined the cell surface expression levels of Axl and TIM-1 509 

on HT-1080 cells by flow cytometry. Our HT-1080 cells expressed robust levels of Axl but only 510 

negligible amounts of TIM-1 (Fig. 3F). In sum, our results confirm that endogenous levels of Axl 511 

in HT-1080 cells can contribute to LASV entry in the context of productive arenavirus infection 512 

in absence of functional DG, in line with the original report (24). 513 

 514 

 515 

Axl-mediated LASV entry is serum-dependent and requires PS of the viral envelope  516 

A hallmark of Axl-mediated entry of most enveloped viruses via apoptotic mimicry is 517 

dependence on Gas6 that provides a molecular bridge between PS of the viral envelope and the 518 

TAM receptor (29, 44). In a first step we assessed serum-dependence of Axl-mediated rLCMV-519 

LASVGP attachment to HT-1080 cells. As a positive control, we used recombinant VSV 520 

pseudotypes bearing the envelope GP of the New World arenavirus Tacaribe (rVSVΔG-521 

TCRVGP) that critically depend on PS receptors for cell entry (31). As a negative control 522 

rLCMV-VSVG was included. Serum-starved HT-1080 cells were incubated with purified 523 
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rLCMV-LASVGP, rVSVΔG-TCRVGP, and rLCMV-VSVG at low multiplicity (MOI = 0.01) in 524 

presence of increasing concentrations of serum in the cold to allow virus-cell attachment without 525 

internalization (Fig. 4A). After 2 h, unbound virus was removed, fresh complete medium 526 

containing serum added, and cells shifted to 37 °C. After 1 h, the medium was supplemented 527 

with 20 mM of the lysosomotropic agent ammonium chloride. When added to cells, ammonium 528 

chloride raises the endosomal pH instantly and blocks low pH-dependent endosomal escape of 529 

viruses, without causing overall cytotoxicity (61, 62). After 16 h cells were fixed and productive 530 

infection quantified by detection of LCMV NP in IFA, whereas rVSVΔG-TCRVGP was 531 

detected via its GFP reporter.  The presence of serum during viral attachment increased infection 532 

with rLCMV-LASVGP and rVSVΔG-TCRVGP in a dose-dependent manner, but did not affect 533 

rLCMV-VSVG (Fig. 4B). In a complementary approach, we tried to mask PS displayed in the 534 

lipid bilayer of rLCMV-LASVGP with ANX-V. For this purpose, purified rLCMV-LASVGP 535 

and the rLCMV-VSVG control were pre-treated with increasing concentrations of ANX-V, 536 

followed by infection of HT-1080 cells in presence of serum. ANX-V blocked entry of rLCMV-537 

LASVGP, but not rLCMV-VSVG in a dose-dependent manner, implicating PS in viral entry.  538 

 539 

Kinetics of Axl-mediated viral endosomal escape  540 

In productive infection, receptor-bound LASV is internalized by endocytosis, followed by 541 

delivery to late endosomes, where fusion occurs under low pH. In a next step to characterize 542 

Axl-mediated infection of rLCMV-LASVGP, we assessed the kinetics of viral endosomal 543 

escape. Specifically, we compared Axl-mediated entry of rLCMV-LASVGP into HT-1080 cells 544 

with HEK293H cells, which express highly glycosylated DG but lack Axl (Fig. 5A). Differential 545 

receptor use in HT-1080 cells (Axl) and HEK 293H cells (DG) was verified by antibody 546 

perturbation (Fig. 5B). We compared the kinetics of late endosomal escape in HT-1080 and 547 

HEK293H cells, determining the time the virus required from receptor attachment to become 548 
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resistant to ammonium chloride. Virus was added to cells in the cold to allow receptor binding 549 

without internalization. Temperature was rapidly shifted to 37 °C and ammonium chloride added 550 

at the indicated time points and left throughout the experiment. Readout of productive infection 551 

revealed similar half-times for endosomal escape of 30-45 min in both cell types (Fig. 5C). The 552 

data suggest that both Axl and DG can mediate endocytosis followed by delivery to late 553 

endosomes with similar kinetics.  554 

 555 

Heparan sulfate proteoglycans contribute to LASV entry via Axl, but not DG 556 

A recent haploid screen for LASV entry factors in DG null cells uncovered several genes 557 

involved in the biosynthesis of heparan sulfate as candidates, suggesting a role of 558 

glycosaminoglycans in DG-independent LASV entry (63). To address this issue experimentally 559 

in the context of Axl-mediated cell entry, we pre-incubated rLCMV-LASVGP and rVSVΔG-560 

VSVG with increasing concentrations of heparin in the cold. Subsequent infection of HT-1080 561 

cells revealed an incremental, but consistent, dose-dependent reduction of Axl-mediated 562 

rLCMV-LASVGP (Fig. 5D). In contrast, infection of HEK293H cells via DG seemed not 563 

affected by heparin (Fig. 5D). The data support the genetic studies (63) and suggest a 564 

contribution of heparan sulfate in DG-independent LASV cell entry in our system. 565 

 566 

Virus-induced Axl tyrosine kinase activation is required for rLCMV-LASVGP entry  567 

Engagement of cellular receptors by viruses frequently induces cellular signaling that can serve 568 

as a “knock on the door” to prime the host cell for further steps of infection (64-66). In previous 569 

studies, recombinant full-length Axl over-expressed in otherwise refractory cell lines enhanced 570 

entry of LASV pseudotypes (24). Deletion of the cytosolic tyrosine kinase domain or insertion of 571 

“kinase dead” mutations reduced LASV pseudotype infection, providing first evidence for a role 572 

of Axl signaling in LASV entry (24). To confirm these findings with endogenous Axl in the 573 
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context of productive arenavirus infection, we used the novel small molecule Axl tyrosine kinase 574 

inhibitor R428 that shows high selectivity and fast drug action (67, 68). To minimize the 575 

duration of drug exposure and unwanted off-target effects, we performed a drug washout assay 576 

outlined in Fig. 6A. Briefly, HT-1080 cells were pre-treated for 30 min with the inhibitor, 577 

followed by infection with rLCMV-LASVGP at low multiplicity (MOI = 0.01) in presence of 578 

drug. As positive and negative controls, we included rVSVΔG-TCRVGP and the non-enveloped 579 

AdV5-GFP, respectively. After one hour, drug was washed out using medium containing 580 

ammonium chloride to block further entry. Productive infection was detected after 16 h by IFA. 581 

The Axl inhibitor R428 reduced rLCMV-LASVGP and rVSVΔG-TCRVGP infection in a dose-582 

dependent manner, whereas AdV5-GFP was not affected (Fig. 6B, C). To validate cell entry as 583 

the main target of R428, we performed “time-of-addition experiments”. As shown in Fig. 6D, the 584 

Axl inhibitor was highly active against rLCMV-LASVGP when added before or during 585 

infection, but had only a mild effect at later time points post-entry. The nucleoside analogue 586 

ribavirin that inhibits replication of the viral core was active at all time points during infection, as 587 

expected (Fig. 6D).  588 

 The observed inhibition of Axl-mediated entry by R428 confirmed that Axl tyrosine 589 

kinase activity was indeed required for rLCMV-LASVGP entry, in line with the original report 590 

(24). Next, we addressed if engagement of cellular Axl by the virus could activate receptor 591 

signaling or whether Axl tyrosine kinase activity served merely as a “permissive signal”. To this 592 

end, we pre-incubated purified rLCMV-LASVGP with 10% FBS, followed by 593 

ultracentrifugation through a sucrose cushion. Pelleted virus was washed, re-suspended in HBSS, 594 

and infectious titers verified by IFA. As control, we included a “mock preparation” produced 595 

from the supernatants of uninfected cells by the same procedure, as described in Materials and 596 

Methods. Serum-starved HT-1080 cells were incubated with rLCMV-LASVGP at high 597 

multiplicity (50 PFU/cell) and equivalent amounts of mock preparation in the cold to prevent 598 
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membrane trafficking and signaling. After removal of unbound virus, cells were rapidly shifted 599 

to 37 °C and lysed at the indicated time points. Total Axl was immunoprecipitated (IP) with 600 

polyclonal anti-Axl antibody. Receptor autophosphorylation was detected by Western blot using 601 

a mAb to tyrosine phosphate, as described (47). As shown in Fig. 6E, engagement of rLCMV-602 

LASVGP induced detectable Axl tyrosine phosphorylation above background within circa 10 603 

min. In sum, the data suggest that virus-induced Axl tyrosine kinase activity is required for DG-604 

independent rLCMV-LASVGP entry.   605 

 606 

Axl-dependent LASV cell entry involves macropinocytosis and requires LAMP-1  607 

Although TAM receptors have been implicated in viral entry via apoptotic mimicry for many 608 

viruses (29), the endocytotic pathway(s) underling TAM-mediated virus uptake remain 609 

largely unknown. Early studies on Ebola virus demonstrated that engagement of Axl by the 610 

virus can enhance macropinocytosis (69). However, more recent work on Zika virus provided 611 

evidence for clathrin-mediated endocytosis (CME) (47), suggesting important virus-specific 612 

differences. To characterize the Axl-dependent entry pathway used by rLCMV-LASVGP in 613 

HT-1080 cells, we employed a panel of well-described “diagnostic” inhibitors to known 614 

cellular factors implicated in CME and macropinocytosis (70, 71) (Table 1).  615 

To assess clathrin- and dynamin dependence of rLCMV-LASV entry via Axl, we used 616 

the inhibitor pitstop-2 that prevents ligand binding to the N-terminal domain of clathrin, and 617 

the dynamin inhibitors dynasore and dyngo4a, respectively. To target preferentially viral entry 618 

and minimize off-target effects, inhibitors were tested in the entry assay outlined in Fig. 6A.  619 

As a positive control, a recombinant VSV expressing GFP (rVSV-GFP) was used. Pitstop-2, 620 

dynasore, and dyngo4a only mildly affected rLCMV-LASVGP, but reduced infection with 621 

rVSV-GFP (72) (Fig. 7A). In a complementary approach, clathrin heavy chain was depleted 622 
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by RNAi (36). Knock-down of >95% of clathrin heavy chain (Fig. 7B) did not affect rLCMV-623 

LASVGP entry (Fig. 7C), supporting a clathrin-independent pathway. 624 

A conserved hallmark of viral entry via macropinocytosis is dependence on sodium 625 

proton exchangers (NHE) that are sensitive to amiloride drugs (70). Inhibition with EIPA 626 

reduced rLCMV-LASVGP entry in a dose-dependent manner, but only mildly affected 627 

rLCMV-VSVG (Fig. 7D). A second conserved feature of macropinocytosis is actin-628 

dependence (64, 73). To address this issue, cells were treated with the inhibitors cytochalasin 629 

D and latrunculin A, that disrupt actin filaments, as well as jasplakinolide, a drug that 630 

stabilizes actin fibers and blocks actin dynamics. Pretreatment with all actin inhibitors 631 

markedly reduced infection with rLCMV-LASVGP, without affecting overall cell viability 632 

(Fig. 7E). The small GTPases Cdc42, Rac1, and RhoA represent important downstream 633 

effectors of NHE involved in actin regulation (74). Using the well-characterized inhibitors 634 

Pirl1, NSC23766, and CT04, we addressed the role of Cdc42, Rac1, and RhoA in Axl-635 

mediated LASV entry. Pirl1 and NSC23766, but not CT04 specifically reduced productive 636 

infection with rLCMV-LASVGP, pinpointing Cdc42 and Rac1, but not RhoA as entry factors 637 

(Fig. 7F). The differential role of Cdc42, Rac1, and RhoA in viral entry versus classical 638 

macropinocytosis observed here resembles other viral systems, e.g. respiratory syncytial virus 639 

(71). Infection of rLCMV-LASVGP was likewise reduced after inhibition of the Cdc42 640 

downstream effector p21-activating kinase (PAK)-1 with IPA-3 (Fig. 7G).  Productive entry 641 

of viruses via macropinocytosis frequently depends on non-muscle myosin II required for 642 

membrane fission during formation of early macropinosomes (73). To address this issue, HT-643 

1080 cells were treated with blebbistatin, an inhibitor of myosin II as well as the myosin light 644 

chain kinase inhibitor ML-7. As shown in Fig. 7G, both inhibitors specifically reduced entry 645 

of rLCMV-LASVGP, suggesting that Axl-mediated entry of rLCMV-LASVGP involves a 646 

pathway related to macropinocytosis.  647 
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Upon entry via DG, LASV is rapidly delivered to the late endosome, where the virus 648 

undergoes a “receptor switch” and engages the late endosomal/lysosomal resident protein 649 

LAMP-1 that is essential for efficient fusion (63, 75, 76). Although most Old World 650 

arenaviruses can use DG as a receptor, the ability to hijack LAMP-1 as a late endosomal entry 651 

factor is unique for LASV (77). We therefore investigated if LAMP-1 was also needed for 652 

Axl-mediated LASV entry into HT-1080 cells. Depletion of LAMP-1 by specific siRNAs 653 

impaired rLCMV-LASVGP entry in HT-1080, suggesting an essential role for LAMP-1 as a 654 

late endosomal entry factor also for Axl-mediated entry (Fig. 7H, I).   655 

 656 

Axl can contribute to LASV entry into endothelial cells 657 

Endothelial cells represent important targets for LASV late in infection and functional 658 

perturbation of the vascular endothelium precedes shock and death in fatal Lassa fever (78). 659 

Early studies revealed that microvascular endothelial cells are highly susceptible to LASV 660 

infection in vitro and can become prodigious sources of infectious virus (79). Examination of 661 

LASV candidate receptor expression in HUVEC and HMVEC-L in our present study revealed 662 

co-expression of Axl with an underglycosylated form of DG showing relatively low virus 663 

binding affinity (Fig. 1). To address the relative contribution of DG and Axl to LASV entry, 664 

HUVEC and HMVEC-L were blocked with specific antibodies to Axl and functional DG, 665 

either alone or in combination, followed by infection. Perturbation of individual receptors 666 

hardly affected rLCMV-LASVGP entry, whereas the antibody combination lowered infection 667 

significantly (Fig. 8A), suggesting that both Axl and DG may contribute to infection.  668 

Previous studies in human epithelial cells revealed that engagement of cellular DG by 669 

LASV GP induces tyrosine phosphorylation of β-DG’s cytosolic domain, resulting in 670 

dissociation from the cytoskeletal adaptor protein utrophin, which may facilitate 671 

internalization of the virus-receptor complex (55). In a next step, we therefore assessed virus-672 
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induced tyrosine phosphorylation of Axl and DG in endothelial cells. Monolayers of 673 

HMVEC-L were exposed to rLCMV-LASVGP and mock preparation. After removal of 674 

unbound virus, cells were rapidly shifted to 37 °C and lysed at the indicated time points. 675 

Activation of Axl was detected as described above (Fig. 6E). Virus-induced tyrosine 676 

phosphorylation of DG was examined in Western blot using a mAb that specifically 677 

recognizes β-DG phosphorylated at residue YP892 located in a C-terminal PPPY motif 678 

implicated in utropin binding (55, 80). In HMVEC-L, entry of rLCMV-LASVGP induced 679 

tyrosine phosphorylation of Axl and DG with similar kinetics, suggesting that both receptors 680 

were engaged (Fig. 8B).  681 

  682 
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DISCUSSION 683 

Many important human pathogenic viruses evolved to use different receptors. However, the 684 

exact operational definition of a receptor, co-receptor, attachment- and entry factor is 685 

frequently not straightforward and critically depends on species and cell type (66, 81). For 686 

LASV, the situation seems particularly complicated considering remarkably complex tissue-687 

specific post-translational modification of its major receptor DG that results in a large 688 

spectrum of receptor variants with strikingly different virus binding affinities (82). The 689 

specific function of DG as a LASV receptor in a particular cell type appears therefore as a 690 

complex function of the expression of >20 genes currently implicated in the biosynthesis of 691 

functional DG (13). As for many other emerging enveloped viruses, the broadly specific 692 

cellular PS receptors Axl and Tyro3 have been proposed as candidate LASV receptors (29, 693 

30). However, the published data on their specific role in LASV appear conflicting (24, 31). 694 

In the present study, we thought to clarify and characterize the roles of Axl in LASV entry.   695 

Functional glycosylation of DG and expression of TAM receptors are frequently 696 

altered in tumor cells (50, 83). In a first step of our study, we therefore examined the 697 

expression of LASV candidate receptors in relevant primary human cell types cultured ex 698 

vivo. In primary human hepatocytes derived from liver biopsies, we could not detect 699 

functional DG, in line with histological findings in adult liver tissue (23). The detection of 700 

Axl in our primary liver cells was further consistent with the recently reported Axl expression 701 

in healthy human hepatic tissue (84). Endothelial and epithelial cells are highly sensitive to 702 

LASV infection in vitro and in vivo (79, 85) and represent important targets for the virus late 703 

in disease (1, 7). Our examination of LASV candidate receptors in primary microvascular 704 

endothelial cells and respiratory epithelial cells revealed differential glycosylation of DG that 705 

correlated with distinct virus binding affinity, emphasizing the current concept of DG as a 706 

“tunable receptor” (13, 18). Both, endothelial and epithelial cells expressed Axl, in line with 707 
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recent reports (86, 87). In sum, our results obtained from primary human cells are consistent 708 

with existing histological and biochemical in vivo data and confirm that susceptible human 709 

cell types co-express Axl with differentially glycosylated DG. 710 

The susceptibility of a given cell type to LASV at the level of entry is likely  a 711 

complex function of DG glycoslation and the expression levels of alternative receptors like 712 

Axl. The specific contributions of DG and Axl to LASV attachment and entry further 713 

critically depend on the exact GP1/PS ratio in the virion particles. Using a capture-ELISA, we 714 

consistently found GP1/PS ratios in the envelopes of rLCMV-LASVGP that were comparable 715 

to authentic LASV, validating our chimera as a suitable BSL2 model for entry studies in the 716 

context of productive arenavirus infection.  717 

In a first step, we confirmed the findings of the original report by Shimojima and 718 

colleagues (24), showing that Axl can indeed contribute to LASV entry in the context of 719 

productive arenavirus infection in absence of functional DG. We then characterized Axl-720 

mediated virus-cell attachment and found similarities to the model of “apoptotic mimicry” 721 

proposed for many viruses (29, 30). Using our rLCMV-LASVGP chimera, we further provide 722 

first experimental evidence that heparan sulfate can facilitate DG-independent LASV entry 723 

via Axl, in line with a recent genetic screen (63).  724 

Axl-mediated entry of several viruses requires receptor signaling through the 725 

receptor’s cytosolic tyrosine kinase domain (47, 87-89). Interestingly, in most cases studied 726 

so far, including the flaviviruses Dengue, West Nile, and Zika virus, Axl signaling seems not 727 

required for virus internalization, but promotes later steps of viral multiplication, increasing 728 

infectious virus production (47, 87, 88). In addition to their role in removal of apoptotic cells, 729 

TAM receptors play a crucial role in the negative regulation of innate immune signaling, 730 

regulating the host cell’s type interferon (IFN)-I response (27, 90, 91). In a current model, 731 

engagement of Axl by enveloped viruses down-regulates innate immune signaling, blunting 732 
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the IFN-I response thus promoting viral replication (29, 30, 88). Similar to the situation with 733 

Zika virus (47) we found that engagement of cellular Axl by rLCMV-LASVGP induces rapid 734 

receptor phosphorylation. However, a combination of drug wash-out and time-of-addition 735 

experiments, using the fast-acting Axl inhibitor R428, suggests a role for virus-induced Axl 736 

activation during rLCMV-LASVGP entry, but not at later steps of viral replication. Previous 737 

studies demonstrated that HT-1080 cells used in our study induce a robust IFN-I response 738 

when challenged with other RNA viruses (92), excluding an overall defect in innate anti-viral 739 

immunity. The observed difference to flaviviruses may rather be explained by the fact that 740 

infection of LCMV and LASV in many cell types, including HT-1080, fails to induce a robust 741 

IFN-I response (79, 92-95). The ability of LASV and LCMV to evade innate immunity seems 742 

independent of receptor use and is based on the potent IFN antagonist function of the viral NP 743 

and Z proteins that efficiently block IFN-I induction, making attenuation via Axl obsolete (93, 744 

96-99).  745 

Previous studies on Axl-mediated viral entry pinpointed different endocytotic 746 

pathways, including macropinocytosis (69) and CME (47), suggesting virus-specific 747 

differences. Application of a panel of “diagnostic” inhibitors revealed that Axl-mediated entry 748 

of rLCMV-LASVGP occurs via an endocytotic pathway related to macropinocytosis, similar 749 

to filoviruses (100) and distinct from Zika virus using CME (47). The Axl-mediated LASV 750 

entry pathway uncovered in our present study shares similarities with the recently 751 

characterized unusual macropinocytosis-related pathway linked to DG-mediated entry of 752 

LASV and LCMV into epithelial cells and fibroblasts (45, 101). However, we also noted 753 

important differences. In contrast to DG-mediated viral entry, the pathway linked to Axl 754 

depends e.g. on non-muscle myosin II, required for early macropinosome formation (73), 755 

similar to the pathways used by poxviruses (28) and Ebola virus (69). Both DG and Axl 756 

mediated internalization and delivery of the virus to endosomes. The similar kinetics of viral 757 
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endosomal escape suggests convergence of the endocytosis pathways, likely at the level of 758 

late endosomes. This is supported by our observation that LASV entry via both receptors 759 

critically depends on LAMP-1, making this late endosomal entry factor an attractive target for 760 

anti-viral therapeutic intervention. 761 

Examination of candidate receptors on endothelial cells revealed co-expression of Axl 762 

with an underglycosylated form of DG with relatively low virus binding affinity. 763 

Simultaneous blocking of both DG and Axl was required to affect rLCMV-LASVGP entry, 764 

whereas perturbation of the individual candidate receptors had only mild effects, suggesting 765 

some degree of redundancy. In line with this observation, viral attachment to endothelial cells 766 

was followed by rapid virus-induced tyrosine phosphorylation of both receptors, suggesting 767 

that DG and Axl may be engaged during productive viral entry. This seems distinct from Zika 768 

virus that uses Axl as a primary receptor in endothelial cells in a non-redundant manner (86).  769 

In sum, our study confirms and extends previous work, supporting the notion that Axl 770 

can fulfill different functions in LASV entry in distinct cell types, depending on the extent of 771 

post-translational modification of DG. Based on the combined information available, we 772 

propose the following model for the specific functions of DG and Axl during LASV infection: 773 

During zoonotic transmission, highly glycosylated DG present in epithelial cells can rapidly 774 

catch and internalize the virus, acting as a primary entry receptor (45). A role of DG 775 

glycosylation as a host determinant during virus-human co-evolution is indeed suggested by 776 

genome-wide association studies that uncovered positive selection for specific LARGE alleles 777 

in populations from regions of Western African where LASV is endemic (102-104). In severe 778 

LASV infection, the virus rapidly spreads via the bloodstream, reaching, among other organs, 779 

the liver and the vascular endothelium. In human cells lacking functional DG, the Axl-780 

dependent, DG-independent LASV entry pathway characterized here may be operational. It is 781 

however unclear if Axl can function as an authentic entry receptor mediating attachment and 782 
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internalization or if its role may be limited to virus attachment, followed by internalization 783 

mediated other yet unknown co-receptor(s). Interestingly, chronic infection with hepatitis C 784 

virus (HCV) in humans markedly increases Axl expression in the liver (84, 105). Considering 785 

the high prevalence of HCV in many regions of Western Africa (106), chronic viral hepatitis 786 

may contribute to susceptibility of local populations to LASV infection. Moreover, 787 

experimental infection of mice with a hepatotropic isolate of LCMV resulted in strong up-788 

regulation of Axl in liver tissue (105). In endothelial cells, DG and Axl may both contribute to 789 

LASV entry, making this cell type highly susceptible and contributing to the endothelial 790 

dysfunction that precedes shock and death. Therapeutic strategies against LASV may 791 

therefore consider Axl as an additional drug target.  792 
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LEGENDS TO FIGURES 1127 

 1128 

FIG1. Primary human cells co-express Axl and differentially glycosylated DG.  (A) 1129 

Detection of candidate LASV receptors in primary human cells. Total cell protein was 1130 

extracted from primary human hepatocytes (PHHC), HUVEC, HMVEC-L, and SAEC, 1131 

separated by SDS-PAGE and blotted onto nitrocellulose. Functional DG was detected with 1132 

mAb IIH6 recognizing the matriglycan sugar polymers on α-DG. Presence of the core protein 1133 

was probed with mAb 8D5 to β-DG and α-tubulin included as a loading control. A549 and 1134 

HT-1080 cells were included as positive and negative controls, respectively. Axl, Tyro3, and 1135 

DC-SIGN were detected with goat pAb anti-human Axl, mAb 96201 anti-human Tyro3, and 1136 

mAb 120507 anti-DC-SIGN. Human THP-1 monocytes and THP-1-derived immature 1137 

dendritic cells were used as positive controls for Tyro3 and DC-SIGN, respectively (25). As a 1138 

negative control for Axl, HEK293H cells were included. The negative control lane of the Axl 1139 

blot was taken from the same membrane and moved, as indicated by the thin white line. 1140 

Primary antibodies were detected with HRP-conjugated secondary antibodies using enhanced 1141 

chemiluminescence (ECL) for development. The observed differences in the apparent 1142 

molecular masses of Axl in different cells was consistently observed and may be due to 1143 

different glycosylation patterns. The expression levels of Axl in PHHC varied between donors 1144 

and a representative example was selected. (B) Western blot of WGA-purified DG. 1145 

Dystroglycan was purified from the indicated cells by WGA affinity chromatography. 1146 

Concentrated fractions were probed in Western blot for functional glycosylation of α-DG with 1147 

mAb IIH6 and for β-DG with mAb 8D5 as in (A). (C) Solid-phase virus binding assay. Equal 1148 

amounts of DG purified from the indicated cells were immobilized in microtiter plates and 1149 

incubated with the indicated concentrations of purified rLCMV-LASVGP. Bound virus was 1150 
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detected with mAb 83.6 to LASV GP2 using a biotinylated secondary antibody and HRP-1151 

conjugated streptavidine in a color reaction. Data are means + SD, n = 3.   1152 

 1153 

FIG2. Determination of GP1/PS ratios in rLCMV-LASVGP and authentic LASV. (A) 1154 

Schematic of the capture-ELISA. Virus is captured by immobilized mAb 86.3 that recognizes 1155 

a conserved non-neutralizing epitope in GP2. After removal of unbound material, bound virus 1156 

is probed with ANX-V to detect PS displayed in the lipid bilayer of the viral envelope and 1157 

DGEKFc4 that binds to GP1. For details, please see text. (B) Detection of GP1 and PS. 1158 

Purified rLCMV-LASVGP and authentic inactivated LASV were incubated with immobilized 1159 

mAb 83.6, using the non-enveloped AdV5-GFP as a negative control. After washing, bound 1160 

virus was incubated with biotin-conjugated ANX-V in presence and absence of EGTA, as 1161 

well as DGEKFc4. Bound biotinylated ANX-V and DGEKFc4 were detected by streptavidine 1162 

HRP and HRP-conjugated anti-human Fc antibody in a color reaction. Please note the reduced 1163 

ANX-V binding in presence of the Ca
2+

-chelator EGTA. Data are means + SD, n = 3. (C) The 1164 

ratios of GP1/PS calculated for the virus preparations tested in (B).  1165 

 1166 

FIG. 3. Axl can mediate productive LASV entry in absence of functional DG. (A) Knock-1167 

down of DG in HT-1080 cells. HT-1080 cells were transduced with a lentiviral vector 1168 

expressing a DG-specific shRNA (shRNA-DG) or scrambled shRNA (shRNA-sc), or mock 1169 

transduced (mock), followed by selection with puromycin as detailed in Materials and 1170 

Methods. Depletion of DG core protein was verified in Western-blot using mAb 8D5 to β-DG 1171 

and α-tubulin (Tub) as a loading control. The asterisk (*) indicated an unspecific band. The 1172 

lane corresponding to the sample of shRNA-DG expressing cells was taken from the same 1173 

membrane and moved, as indicated by the thin white line. Efficiency of depletion was 1174 

assessed by densitometric analysis, followed by calculation of the signal ratios of β-DG/α-1175 
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tubulin (β-DG/Tub). (B) HT-1080 cells transduced with shRNA-DG or shRNA-sc (A) were 1176 

seeded in 96 well plates and infected with rLCMV-LASVGP (300 PFU/well) for one hour. 1177 

Cells were washed with medium supplemented with 20 mM ammonium chloride to prevent 1178 

secondary infection. After 16 h incubation in presence of ammonium chloride, cells were 1179 

fixed and infection detected by IFA using mAb 113 to LCMV NP, combined with a Alexa 1180 

488-conjugated secondary antibody. Infection was quantified by counting infected cells per 1181 

well considering cell doublets as single infection events. Data are means + SD, n = 3. (C) 1182 

Depletion of Axl from HT-1080 cells. HT-1080 cells were transfected with siRNAs to Axl 1183 

(siRNA-Axl) and scrambled control siRNAs (siRNA-sc) as detailed in Materials and 1184 

Methods. After 72 h, expression of Axl was detected in Western blot using α-tubulin (Tub) as 1185 

a loading control. In some blots, a lower molecular mass band (*) was detected. However, this 1186 

was not consistently observed. Efficiency of Axl depletion was assessed by densitometry, 1187 

followed by calculation of the signal ratios of Axl/α-tubulin (Axl/Tub). (D) Infection on Axl-1188 

depleted HT-1080 cells. HT-1080 cells transfected with siRNA-Axl and siRNA-sc were 1189 

infected with 300 PFU/well rLCMV-LASVGP (LASV) and rLCMV-VSVG (VSV) and 1190 

infection detected as in (B). Data are means + SD, n = 3. (E) Blocking of Axl-mediated 1191 

infection by antibody perturbation. HT-1080 cells were chilled on ice, washed with cold 1192 

serum-free medium, and blocked with goat pAb anti-Axl (20 μg/ml), and control goat IgG for 1193 

2 h in the cold in absence of serum. Cells were then incubated with 300 PFU/well of rLCMV-1194 

LASVGP (LASV) and 200 PFU/well of rLCMV-VSVG (VSV) in presence of antibody for 2 1195 

h in the cold. Unbound virus was removed by washing and cells cultured in complete medium 1196 

at 37 °C. After 1 h, 20 mM ammonium chloride was added and infection detected as in (B). 1197 

Data are means + SD, n = 3.  (F) Detection of Axl and TIM-1 on HT-1080 cells by flow 1198 

cytometry. Live non-permeabilized cells were stained with the indicated antibodies. Bound 1199 

primary antibodies were detected by flow cytometry using a PE-conjugated secondary 1200 
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antibody. Black lines represent secondary antibody only, red lines primary and secondary 1201 

antibody.   1202 

 1203 

FIG.4. Axl-mediated LASV entry is serum-dependent and requires PS of the viral 1204 

envelope. (A) Schema of the entry assay. For details, please see text, LE, late endosome. (B) 1205 

Entry of rLCMV-LASVGP into HT-1080 cells is serum-dependent. Purified rLCMV-1206 

LASVGP (300 PFU/ml), rLCMV-VSVG (200 PFU/well), and rVSVΔG-TCRVGP (100 1207 

PFU/well) were pre-treated with the increasing concentrations of serum and added to HT-1208 

1080 cells cultured in 96 well pates for 2 h in the cold. Cells were washed 3 times and 1209 

incubated with complete medium containing 10% (wt/vol) FBS at 37°C. After 1 h, complete 1210 

medium containing 20 mM ammonium chloride was added, followed by 16 h incubation in 1211 

presence of the lysosomotropic agent. Infection was detected by IFA as in (3B). Data are 1212 

means + SD, n = 3. (C) Blocking of infection of HT-1080 cells with ANX-V. Purified 1213 

rLCMV-LASVGP and rLCMV-VSVG were diluted in DMEM and pre-treated with the 1214 

indicated concentrations of ANX-V for 2 h in the cold. The virus/ANX-V mix was then 1215 

diluted 1:10 in complete medium containing 10% (wt/vol) FBS, resulting in a virus 1216 

concentration of 300 PFU/ml, and added to HT-1080 cells for 1 h at 37 °C. After 1 h, 1217 

complete medium containing 20 mM ammonium chloride was added, followed by 16 h 1218 

incubation and detection of infection by IFA as in (3B). Data are means + SD, n = 3.  1219 

 1220 

FIG.5. Kinetics of Axl-mediated viral endosomal escape. (A) Detection of functional DG 1221 

and Axl in HEK293H and HT-1080 cells by Western blot as in (1A), including the LARGE-1222 

deficient cell line HeLa. Please note the residual signal for functionally glycosylated α-DG in 1223 

HeLa cells that was absent in HT-1080. (B) Verification of DG and Axl-mediated entry of 1224 

rLCMV-LASVGP into HT-1080 and HEK293H cells, respectively. The indicated cells were 1225 
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blocked with mAb IIH6 to glycosylated α-DG (100 μg/ml), goat pAb anti-Axl (20 μg/ml), and 1226 

control antibodies (Ctrl) for 2 h in the cold as in (3E). Cells were then incubated with 1227 

rLCMV-LASVGP at 100 PFU/well (HEK293H) and 300 PFU/well (HT-1080) for 2 h in the 1228 

cold in presence of antibodies. Cells were washed, kept in complete medium for 1 h at 37 °C, 1229 

followed by addition of 20 mM ammonium chloride, cultured for 16 h, fixed, and infection 1230 

detected as in (3B). Data are means + SD, n = 3. (C) Endosomal escape of virus. rLCMV-1231 

LASVGP at 100 PFU/well (HEK293H) and 300 PFU/well (HT-1080) was attached to 1232 

monolayers of the indicated cells in the cold for 2 h in complete medium. Unbound virus was 1233 

removed and cells rapidly shifted to 37 °C. At the indicated time points, 20 mM ammonium 1234 

chloride was added and left throughout the experiment. After 16 h, infection was assessed by 1235 

IFA as in (3B). Given are means + SD, n = 3. (D) Blocking of viral infection of HT-1080 and 1236 

HEK293H cells with heparin. rLCMV-LASVGP (LASV) and rVSVΔG-VSVG (VSV) were 1237 

diluted in complete medium and pre-treated with the indicated concentrations of heparin for 1 1238 

h in the cold, followed by infection of cell monolayers for 1 h at 37 °C in presence of the 1239 

inhibitor. After 1 h, complete medium containing 20 mM ammonium chloride was added, 1240 

followed by 16 h incubation and detection of infection by IFA as in (C). Data are means + 1241 

SD, n = 3.     1242 

 1243 

FIG.6. Virus-induced Axl tyrosine kinase activity is required for rLCMV-LASVGP 1244 

entry. (A) Schema of the inhibitor wash-out experiment. For details, please see text, LE, late 1245 

endosome. (B) Infection of rLCMV-LASVGP depends on the activity of Axl tyrosine kinase. 1246 

HT-1080 cells were pre-treated with the Axl tyrosine kinase inhibitor R428 at increasing 1247 

concentrations for 30 min, followed by infection with the indicated viruses at 200 PFU/well in 1248 

presence of drug. After 1 h, cells were washed 3 times with medium containing 20 mM 1249 

ammonium chloride, followed by 16 h incubation in presence of the lysosomotropic agent. 1250 
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Infection was detected by IFA as in (3B). Data are means + SD, n = 3. (C) Example of the 1251 

inhibition of rLCMV-LASVGP infection by R428 revealed by IFA using mAb 113 to LCMV 1252 

NP (green) and counter-staining of nuclei (DAPI, blue). Note the similar intensity of the NP 1253 

staining with increasing inhibitor concentration. (bar = 50 μm). The lower panel shows AdV5-1254 

GFP used as a negative control. NP or GFP positive cells were scored, considering cell 1255 

doublets as single infectious events. (D) Time-of-addition experiment. HT-1080 cells were 1256 

infected with rLCMV-LASVGP (300 PFU/well) with R428 or ribavirin (Rib) added at the 1257 

different time points pre- or post-infection at 0.5 µM and 100 µM, respectively. Virus was 1258 

added at time point 0, followed by washing and addition of ammonium chloride after 1 h. 1259 

Ammonium chloride was kept throughout the experiment and cells subjected to IFA after 16 1260 

h. Data are means + SD, n = 3. Examination of cell viability by Cell TiterGlo® assay reveled 1261 

no significant toxicity of R428 under our experimental conditions (data not shown). (E) 1262 

Engagement rLCMV-LASVGP induces activation of Axl tyrosine kinase. Serum-starved HT-1263 

1080 cells were incubated with rLCMV-LASVGP at 50 PFU/cell and equivalent amounts of 1264 

mock preparation for 2 h in the cold. Unbound virus was removed and cells shifted to 37 °C. 1265 

At the indicated time points, cells were lysed and Axl isolated by IP with goat polyclonal Ab 1266 

anti-Axl immobilized on Sepharose matrix. Immunocomplexes were eluted, followed by 1267 

SDS-PAGE using 5.5% (wt/vol) running gels. Total Axl protein in IP was revealed in 1268 

Western blot using a mouse mAb anti-Axl (10% of sample) and tyrosine phosphorylation 1269 

detected in by a mAb to tyrosine phosphate (90% of sample). For detection TrueBlot® HRP-1270 

conjugated anti-mouse IgG was used in ECL. Blots for tyrosine phosphate (PY) were exposed 1271 

for 2 minutes and blots detecting total Axl for 10 seconds.  1272 

 1273 

FIG.7. Axl-dependent LASV cell entry involves macropinocytosis and requires LAMP-1. 1274 

(A) Axl-mediated entry of rLCMV-LASVGP is independent of dynamin and clathrin. HT-1275 
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1080 cells were pre-treated with inhibitors for dynamin-2 (Dynasore, Dyngo4a) and clathrin 1276 

(Pitstop-2) at the indicated concentrations for 30 min, followed by infection with rLCMV-1277 

LASVGP (300 PFU/well) and rVSV-GFP (100 PFU/well) in complete medium in presence of 1278 

drugs. After 1 h, cells were washed 3 times with medium containing 20 mM ammonium 1279 

chloride, followed by incubation in presence of the agent. After 16 h, cells were fixed and 1280 

infection detected by IFA using mAb 113 to LCMV NP as in (3B). Infection with rVSV-GFP 1281 

was assessed after 8 h by detection of the EGFP reporter in direct fluorescence microscopy. 1282 

(B) Depletion of clathrin heavy chain (CHC) by RNAi. HT-1080 cells were transfected with a 1283 

pool of siRNAs specific for CHC, control scrambled siRNAs, or mock transfected as in (3C). 1284 

After 72 h, expression of CHC was detected in Western blot using α-tubulin (Tub) as a 1285 

loading control. Efficiency of CHC depletion was assessed by densitometry, followed by 1286 

calculation of the signal ratios of CHC/α-tubulin (CHC/Tub). (B) HT-1080 cells subjected to 1287 

RNAi (B) were infected with rLCMV-LASVGP (LASV) at 300 PFU/well and rLCMV-1288 

VSVG (VSV) at 100 PFU/well for one hour. Infection was detected by IFA as in (A). Data 1289 

represent means + SD, n = 3. (D) The amiloride drug EIPA blocks Axl-mediated entry of 1290 

rLCMV-LASVGP. HT-1080 cells were pre-treated with the indicated concentrations of EIPA 1291 

for 30 min, followed by infection with rLCMV-LASVGP (300 PFU/well) and rLCMV-VSVG 1292 

(100 PFU/well) in presence of drugs for 1 h and detection of infection by IFA as in (A). (E) 1293 

Actin inhibitors block Axl-dependent rLCMV-LASVGP infection without causing cell 1294 

toxicity. HT-1080 cells were pre-treated with the indicated concentrations of cytochalasin D 1295 

(CytoD), latrunculin A (LatA), and jasplakinolide (Jas) for 30 min, followed by infection with 1296 

rLCMV-LASVGP (300 PFU/well) as in (A). Data are means + SD, n = 3. Cell viability was 1297 

monitored by CellTiter Glo® assay as described in Materials and Methods measuring cellular 1298 

ATP levels in a luminescence assay. Data are displayed in relative light units (RLU), means + 1299 

SD, n = 3. (F) Axl-mediated entry of rLCMV-LASVGP depends on Cdc42 and Rac1, but not 1300 
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RhoA. HT-1080 cells were pre-treated with DMSO vehicle control, or the inhibitors Pirl1 1301 

(Cdc42), NSC23766 (Rac1), and CT04 (RhoA) at the indicated concentrations, followed by 1302 

infection with rLCMV-LASVGP (300PFU/well) and rLCMV-VSVG (100 PFU/well) for 1 h 1303 

in presence of drugs and detection of infection as in (A), means + SD, n = 3. (G) Axl-1304 

dependent entry of rLCMV-LASVGP requires PAK1, non-muscle myosin II, and myosin 1305 

light chain kinase. HT-1080 cells were treated with the indicated concentrations of IPA-3, 1306 

blebbistatin, and ML7, followed by infection with rLCMV-LASVGP (300 PFU/well), and 1307 

rLCMV-VSVG (100 PFU/well) as in (D). Data are means + SD, n = 3. (H) Knock-down of 1308 

LAMP-1 by RNAi. HT-1080 cells were transfected with a siRNAs specific for LAMP-1 and 1309 

control scrambled siRNAs. After 48 h, depletion of LAMP-1 was verified in Western blot 1310 

using α-tubulin (Tub) as a loading control. (I) Axl-dependent infection of rLCMV-LASVGP 1311 

depends on LAMP-1. LAMP-1 depleted and control HT-1080 cells (H) were infected with 1312 

rLCMV-LASVGP at 300 PFU/well and rVSVΔG-VSVG (100 PFU/well) for one hour. 1313 

Infection was detected by IFA as in (A). Data are means + SEM, n = 3 for rLCMV-LASVGP 1314 

and n = 2 for rVSVΔG-VSVG.              1315 

 1316 

FIG.8. Axl contributes to LASV entry into endothelial cells. (A) Antibody perturbation of 1317 

rLCMV-LASVGP entry in microvascular endothelial cells. Confluent monolayers of HUVEC 1318 

and HMVEC-L were blocked with mAb IIH6 to glycosylated α-DG (Anti-DG, 100 μg/ml), 1319 

goat pAb anti-Axl (Anti-Axl, 20 μg/ml), the combination of both antibodies (Anti-DG + Anti-1320 

Axl), a combination of control antibodies (IgG + IgM), and medium only (no Ab) in absence 1321 

of serum for 2 h in the cold as in (5B). HT-1080 cells and HEK293H cells were included as 1322 

positive controls for Axl- and DG-mediated viral entry, respectively.  Cells were then 1323 

incubated with rLCMV-LASVGP at 300 PFU/well (HUVEC and HMVEC-L), 100 PFU/well 1324 

(HEK293H) and 300 PFU/well (HT-1080) for 2 h in the cold in presence of antibodies. Cells 1325 
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were washed, and incubated with complete medium. After 16 h incubation in presence of 1326 

ammonium chloride, cells were fixed and infection detected as in (3B). Data are means + SD, 1327 

n = 3. (B) Entry of rLCMV-LASVGP to HMVEC-L cells induces tyrosine phosphorylation of 1328 

Axl and DG. Monolayers of HMVEC-L cells were incubated with rLCMV-LASVGP (50 1329 

PFU/cell) and equivalent amounts of mock preparation for 2 h in the cold. Unbound virus was 1330 

removed and cells shifted to 37 °C. At the indicated time points, cells were lysed. Total 1331 

protein was extracted from 10% of cleared lysate and probed in Western-blot with mAb cl14a 1332 

(anti-β-DG PY892) and antibody 8D5 to β-DG. The positions of β-DG and β-DG PY892 are 1333 

indicated. Blots for β-DG PY892 were exposed for 4 minutes and blots detecting total β-DG 1334 

for 10 seconds. Axl was isolated by IP from 90% of the lysate and tyrosine phosphorylation 1335 

of Axl detected as in (6E). Blots for tyrosine phosphate (PY, 90% of sample) were exposed 1336 

for 2 minutes and blots detecting total Axl (10% of sample) for 10 seconds.  1337 

  1338 
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Table 1: Panel of “diagnostic” inhibitors used in the study  1339 

Inhibitor   target    concentrations (µM)  1340 

Dynasore   dynamin   40, 80  1341 

Dygo4a   dynamin   10, 20 1342 

Pitstop-2   clathrin   2, 8 1343 

EIPA    NHE    10, 20, 40 1344 

Cytochalasin D  actin    5, 10 1345 

Latrunculin A   actin    0.5, 1 1346 

Jasplakinoline   actin      0.5, 1 1347 

Pirl1    Cdc42    5, 10 1348 

NSC237766   Rac1    10, 25 1349 

CT04    RhoA    2, 5 1350 

IPA-3    PAK1    20, 40 1351 

ML7    Myosin light chain kinase 20, 80 1352 

Blebbistatin   Myosin kinase II  10, 20 1353 

 1354 
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